In the present study, we tested the hypothesis that similar to other mechanical loads, notably cyclic stretch (simulating pre-load) 
Introduction

Endothelial cells composing the inner most layer of blood vessels experience shear forces exerted by blood flow, which vary in magnitude and pattern, and depend on the flow velocity and vessel geometry. Shear stress changes result in endothelial-dependent vascular restructuring including the formation of new vessels through a process termed arteriogenesis
. Additionally, it has been proposed that endothelial cells communicate with their environment, and respond to signals secreted by adjacent tissues including cardiomyocytes [2] [3] [4] [5] [6] [7] . In addition to the mechanical load-responsive endothelial cells, studies have shown that cardiomyocytes also participate in the angiogenic response to mechanical forces. For example, Tomanek's group [6] 
has shown that in neonatal rat ventricular myocytes (NRVM) exposed to cyclic stretch, the expression of vascular endothelial growth factor (VEGF) and transforming growth factor-␤ (TGF-␤) was increased.
In recent years several experimental models have been utilized to impose mechanical load on cardiomyocytes, the most frequently used were those employing static stretch [8] [9] [10] [11] and pulsatile cyclic stretch [12] [13] [14] . In general, stretching (static or cyclic) cardiomyocytes increases protein synthesis without altering DNA synthesis (i.e. inducing hypertrophy) or gene expression [8, 14] . In both models, myocytes are plated on an elastic membrane and stretched to a longer resting length, statically or in a cyclical manner. Hence, in these models the stretch is not synchronized with the contraction of the myocytes, and therefore the load imposed on the myocytes is of a mixed nature, combining both preload and afterload.
In an attempt to distinguish between the angiogenic effects of preload and afterload, and to determine the effect of the latter on the secretion of angiogenic factors by cardiomyocytes, we utilized a novel method to mechanically load myocytes during contraction, thus simulating the in vivo settings of afterload. As will be described herein, the afterload was induced by spreading on NRVM glass microspheres that adhered to the myocytes and acted as small weights carried by the cells during their contraction [15] . Using this model we found that whereas microspheres did not cause hypertrophy or changed Cx43 expression and conduction velocity, the microspheres increased the expression of several key angiogenic factors, which are likely to contribute to the mechanical loadinduced angiogenesis.
Methods
Cell cultures
The research conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23; revised 1996) .
(i) NRVM cultures prepared as previously described [16] were studied 4-6 days after plating. Twenty four hours before the actual experiment, the cultures were transferred to serum-free medium with 50%/50% DMEM/F-12 (Biological Industries, Beit Haemek, Israel) containing 2 mM L-glutamine, 0.1 mmol/l BrdU, ITS (Insulin-transferine-sodium selenite media supplement (Sigma) and penicillin.
(
ii) Primary Bovine Aortic Endothelial Cells (BAEC)
. BAEC were prepared as previously described [17] from bovine aortas.
Mechanical load induced by glass microspheres or cyclic stretch
Mechanical load was induced in different NRVM cultures either by cyclic stretch or glass microspheres.
(i) The cyclic stretch apparatus. NRVM were exposed to cyclic stretch by an apparatus (Fig. 1A) 
Cell migration assay
The migration assay was performed by means of the 'cellular injury test' [22] . 
cells per well) and cultured in the presence of 200 µl of conditioned medium (from control or treated cultures). The effect of the conditioned media (following 5 hrs incubation) on the formation of new networks of tubes was expressed as the number of tubes counted in three fields, in three different wells, and photographed after 5 hrs.
Morphological, molecular and immunofluorescence analyses
Do glass microspheres cause hypertrophy?
Since various experimental models of mechanical load, including cyclic stretch cause myocyte hypertrophy [25, 26] , we initially determined whether glass microspheres also cause hypertrophy of NRVM.
Cell area measured by ␣-actinin fluorescence
The first marker measured was cell area, which is commonly used to assess hypertrophy [27] [28] [29] [30] . As described in the Methods section, cell area represented by ␣-actinin immunofluorescence staining ( Fig. 2A) was measured from cultures in which myocytes were plated at a low density. As seen in Figure 2B , while cell surface area increased in both groups during the 24 hrs period (PϽ0.05), no difference was found between the control and the microspheres-treated cultures.
The effect of microspheres on ANP mRNA levels
A common molecular marker of hypertrophy is atrial natriuretic peptide (ANP), which was shown to be increased by hypertrophic stimuli such as biomechanical load [27] , Fas receptor activation [24] , angiotensin II, endothelin-1 and norepinephrine [31] [32] [33] . In agreement with the lack of change in cell area (Fig. 2B) , exposure to microspheres for 24 hrs did not increase ANP levels (Fig. 2C) [14, 18, 34] , and in accordance with the absence of hypertrophy (Figs. 2B and C) , microspheres did not increase the expression of total or NP-Cx43 (Figs. 2E and F) . Next, we analysed gap junctional morphological properties as derived from Cx43 immunofluorescence staining of control and microspheres-treated cultures (Fig. 3A) . Thus, the microspheres did not affect the number of gap junctions per microscopic field (150 µm ϫ 150 µm) (Fig. 3B) , or the percent of the microscopic field occupied by Cx43 gap junctions (Fig. 3C) . Further, quantitative analysis revealed no differences in the mean fluorescence intensity of Cx43 either per microscopic field (Fig. 3D) or per individual gap junctions (Fig. 3E) . ]i transients (a representative recording is depicted in Fig. 4C ), which were shown to be affected by experimental mechanical load [35, 36] 
hrs the cell area was expressed as percent change from control (baseline). (C) Microspheres do not increase ANP mRNA. The upper panel depicts representative blots, and the lower panel depicts quantitative densitometric analysis from control cultures and from cultures treated for 24 hrs with microspheres (n ϭ 5). Each value was divided by its corresponding actin value. Values are normalized to control cultures, which are set as 1.0. (D)-(F) Effects of microspheres on Cx43 protein expression. (D) Representative Western blots for control (C) and microspheres (M) treated cultures. Samples were probed for total Cx43 (upper panel) and NP Cx43 (middle panel). Equivalency of loading was verified with an antibody against actin (lower panel). Upper and lower arrows indicate the positions of the 46 and 41 KD bands, respectively. (E and F) Quantitative densitometric analysis of total Cx43 and NP Cx43 expression, respectively. Each value was divided by its corresponding actin value. Control, n ϭ 16 samples; Microspheres, n ϭ 15 samples (each sample is a pull of 2-3 cultures).
transients were recorded from cultures stimulated at 0.5, 1.0, 1.5 and 2.0 Hz. As shown in Figure 4A , the diastolic and the systolic [Ca 2ϩ ]i fluorescence ratios were higher in the microspheres group than in the control group. In addition, the rate of [Ca 2ϩ ]i relaxation was slower in the microspheres-treated group compared to control cultures (Fig. 4B) ]i, which may promote arrhythmias [37] . Indeed, as compared to control cultures (a representative culture is depicted in Fig. 4C ), the [Ca 2ϩ (Fig. 5A) . As shown in Figure 5B , the extracellular electrogram is composed of a fast activation phase resulting from action potential upstroke, and from a pseudo T-wave resulting from the repolarization phase of the action potential. As previously described [20, 21] colour-coded activation maps were generated by calculating the mean LAT from three consecutive action potentials (Fig. 5C) (Fig. 5C ) and by the summary figure (Fig. 5D) [7, 38] in NRVM exposed to microspheres for 3, 6, 12 and 24 hrs. In agreement with previous reports [6] , as shown in a representative control experiment (Fig. 6A) Figure 6C , in support of the hypothesis, microspheres increased the VEGF mRNA levels, peaking at 6-12 hrs and then decreasing at 24 hrs. Figure 6 microspheres significantly (PϽ0.05) increased the expression of Ang-2 (Fig. 6D) and TGF-␤ (Fig. 6E) , but not of b-FGF (Fig. 6F) (Figs. 6D-F) . We also attempted to detect angiopoeitin-1 (a ligand for the Tie2 receptor) expression in NRVM, but its low expression did not allow a reliable analysis. 
]i transients recorded from NRVM treated for 24 hrs (but not for 1 hr) with microspheres frequently demonstrated arrhythmias. Since these arrhythmias disappeared as stimulation rate was increased (an example shown in
Fig. 4D), it is likely that they resulted from early afterdepolarizations. In summary, while only one out of the 20 (5%) control cultures had arrhythmias, three of the seven microspheres-treated cultures were arrhythmogenic (42%, PϽ0.05 versus control, Fisher exact test).
Fig. 3 Quantitative analysis of confocal microscopy images of cultures stained for Cx43. (A) Representative confocal images of a control culture (left), and a culture exposed for 24 hrs to microspheres (right). Scale bar ϭ 40 µm. (B) Number of Cx43 gap junctions (GJ) per microscopic field. (C) Percent of microscopic field occupied by Cx43 positive signal. Mean fluorescence intensity (FI) of Cx43 expressed as arbitrary units (AU) per microscopic field [D] or per each GJ [E]. Control, n ϭ 8 fields; Microspheres, n ϭ 10 fields. propagation from electrically-confluent NRVM cultures by means of the MEA data acquisition system, which is based on non-invasive electrogram measurements from NRVM plated on a matrix of electrodes, 30 m in diameter and 200 m apart
]i transients in control and microspheres-treated cultures (D). Panel D shows the disappearance of the arrhythmias as the stimulation rate is increased. expression of VEGF (a key angiogenic factor) is increased. Since we could not detect VEGF protein message (using Santa Cruz antibody SC 507, n ϭ 10 experiments, with different Western blotting conditions), we reverted to measuring VEGF mRNA (using RT-PCR)
Based on the finding that VEGF mRNA expression was increased by exposure to microspheres for 24 hrs, we determined how the expression of additional key angiogenic factors, angiopeitin-2 (Ang-2), tumour growth factor-␤ (TGF-␤) and basic fibroblast growth factor (b-FGF) are affected by microspheres (24 hrs exposure). As seen in
. For comparison, we determined the effect of cyclic stretch applied at 3 Hz for 24 hrs, and found that it increased (PϽ0.05) the expression of Ang-2, TGF-␤ and b-FGF
Conditioned medium from NRVM exposed to microspheres causes angiogenesis
To address the question whether the angiogenic factors secreted by the mechanical load are functional, we tested whether conditioned medium collected from microspheres-treated NRVM causes angiogenesis. In these experiments, BAEC were incubated with conditioned medium collected from cultures exposed for 24 hrs to microspheres, pulsatile cyclic stretch or from control untreated cultures. The effect of the conditioned medium on endothelial cell migration (a key step towards growing new blood vessels) was tested using the cellular injury assay. As seen in Figure 7A , conditioned media from microspheres-treated cultures increased endothelial cell migration by 15% (PϽ0.05). Next, we determined the effect of conditioned medium from microspheretreated (compared to control) cultures on tube formation in endothelial cell cultures, which is a common assay for testing the angiogenic potential of endothelial cells [23] . As shown by two representative experiments (Fig. 7B) and by the summary of five Table 1 experiments (Fig. 7C) , conditioned medium from microspherestreated cultures caused a more prominent (PϽ0.05) tube formation than the control medium.
for details). The amplified products were normalized to actin mRNA. The results are expressed as fold of the control. (D) Ang-2; (E) TGF-␤; (F) b-FGF. In (D)-(F), experimental details as in (C
Discussion
In the present study we tested the hypothesis that mechanical load simulating pressure-overload, which is different from static or cyclic stretch (simulating preload) [8] [9] [10] [11] and cyclic stretch [12] [13] [14] . In these models in contrast to ours, due to the lack of synchronization with the myocytes' contracting cycle, the imposed load was of a combined nature: preload and afterload. Since exerting overload by means of glass microspheres is not limited to any particular apparatus or bath, and is independent of an external power source, it allows versatile experimental protocols (in addition to the protocols presented here) such as: (1) [20, 21] ; (2) [43, 44] . Figure 6 , cyclic stretch increased the mRNA levels of Ang-2 (in agreement with Zheng et al. [7] ), TGF-␤ and b-FGF. (Fig. 7) 
Glass microspheres do not affect action potential propagation in NRVM
Microsphere-induced secreted factors cause angiogenesis
